Introduction
Peening techniques such as shot peening (SP) and laser peening (LP) are common surface treatments for the improvement of mechanical properties [1] [2] [3] [4] [5] [6] [7] [8] and corrosion resistance [9, 10] of metallic materials. As a result of these treatments, compressive residual stress is induced on the surface of the materials. SP is widely used for mechanical parts such as springs, bearings, and gears. On the other hand, LP is used for the welded parts found in nuclear power plants [11] , and is being developed for other applications, e.g., turbine blades [2, 7, 8] . While the processes involve different techniques and each process has to date been studied independently, the purpose of both SP and LP is to induce compressive residual stress. An understanding of the differences in the processes would thus be useful for the development of peening techniques and its appropriate application. Kumagai et al. [12] reported differences in the dislocation density and crystallite size for SP and LP specimens, but only investigated the original surfaces of the samples. In this study, therefore, we focused on the differences in the dislocation density and crystallite size of SP-and LP-treated samples, and evaluated these microstructural features in the depth direction.
Line profile analysis was employed for characterization rather than transmission electron microscopy (TEM) that is a common method for observation of the microstructural features at the nanoscale, because the X-ray method provides quantitative data and is convenient. In addition, since classical analysis methods, the Warren-Averbach [13] and Williamson-Hall [14] methods, cannot be applied for the evaluation of steels because of their elastic anisotropy, a modified method that takes into account elastic anisotropy [15] [16] [17] was used.
steel wires with a diameter of 0.6 mm and was bombarded with a peening coverage of 300% at a pressure of 0.5 MPa. In the LP process, a pulsed laser beam was used to irradiate the specimen without any coating in a water pool. The laser wavelength was 532 nm, the pulse energy was 20 mJ, the spot diameter was 0.3 mm, and the coverage was 1,270%. During both shot and laser processing, the conditions were optimized to obtain the same stress profiles toward the depth direction. After processing, the specimens were divided into five pieces and subjected to residual stress measurements, microscopy observations, and line profile analyses.
Residual stress measurements. The residual stresses were measured at the surface and to hundreds of micrometers below the original surfaces of both peened specimens using the sin 2 ψ method with X-rays. Stress profiles were obtained by repeating the X-ray measurement and electrochemical polishing in series. The residual stress measurements were performed using an X-ray stress measurement apparatus with a vertical goniometer and a one-dimensional position-sensitive proportional counter. Mn-Kα characteristic X-rays and the diffraction index 311 were used. The measurement range for sin 2 ψ was 0-0.6 at 0.1 intervals. The X-ray stress constant, −302 MPa/deg, was calculated using the Kröner model with single-crystal elastic stiffness (C 11 = 206 GPa, C 12 = 133 GPa, and C 44 = 119 GPa) [18] .
Line profile analyses. X-ray line profiles were measured at the surface and to several hundreds of micrometers below the original surface using an X-ray diffractometer with Bragg-Brentano geometry. X-ray line profile measurement and electrochemical polishing were performed repeatedly in series. Cu-Kα characteristic X-rays were used, and four indices (i.e., 111, 200, 220, and 311) of γ-Fe were measured. Modified Williamson-Hall/Warren-Averbach methods [16] (modified methods) were employed for the diffraction line profile analyses. In the Warren-Averbach modified method, dislocation density (ρ) and crystallite size (D) were obtained from the relationship between Fourier series (A) and scattering vector (K) as per the equation:
where A S is the Fourier coefficient related to the crystallite size, L is the Fourier length, b is the Burgers vector, ̅ is the average of the contrast factor, R e is the effective outer cutoff radius of the dislocation, and O(K 2 ̅ ) is relatively high-order term. The contrast factors were calculated using ANIZC [19] as the slip system is <110> {111} using the elastic stiffness for γ-Fe [18] .
The measured diffraction profiles were broadened because of the presence of lattice defects such as dislocations (physical broadening) and instrumental broadening. The broadening component of the instrumental system was then eliminated from the measured line profiles in order to obtain the physical line profiles due only to the microstructural features. The instrumental component was obtained from the measurement of the diffraction profiles of a standard sample (LaB 6 powder, NIST). In this study, the physical and instrumental components were separated using the Voigt function [20] . Because the Voigt function is a convolution of the Lorentzian and Gaussian function, the physical line profiles were obtained by subtracting the full widths at half maximum (FWHMs) of the Lorentzian function and the square of the FWHMs of the Gaussian function. The measured diffraction profiles were, therefore, fitted using the Voigt function, and the instrumental component was eliminated.
Results
Residual stress profiles. It was confirmed that the two peening processes induced similar residual stress profiles [12] . The residual stress distributions for the SP and LP specimens are shown in Fig. 1 . The values indicate averaged residual stresses in two orthogonal directions. The residual stresses on the original surface of each specimen were −561 and −653 MPa, respectively. While the stress in the
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Residual Stresses IX SP specimen was slightly higher than that of the LP specimen, the stress distributions were nearly the same. In addition, the compressive residual stresses in both specimens increased with depth from the surface and reached a maximum at a depth of approximately 50 µm. The compressive residual stresses then decreased with depth below 50 µm to approximately −200 MPa at 400-500 µm in both the SP and LP specimens. In comparison, the residual stress of the bare material was approximately −200 MPa, and therefore it was assumed that the residual stress was induced to a depth of approximately 400 µm.
Optical microscopy. Figs. 2 and 3 show images of the bare, SP, and LP specimens observed using an optical microscope. The images in Fig. 2 are of the surfaces, and those in Fig. 3 are cross-sectional views. Here, for the SP and LP specimens, the original surface was etched via buff polishing and chemical electrical etching for observation 24 µm down from the original surface. As can be seen in Fig. 2(b) , there were many slip bands on the surface of the SP specimen, while none were detected on the surface of the bare specimen. In addition, there were fewer slip bands on the surface of the LP specimen than on the SP specimen. In Fig. 3 , a similar tendency of the slip Fig. 2 Optical microscopy images in viewing from the top of each speciemens [12] . Fig. 3 Optical microscopy images in viewing from the cross section of each speciemens. Fig. 1 Residual stress profiles in the the depth direction for the shot peening (SP) and laser peening (LP) speciemens [12] .
Advanced Materials Research Vol. 996
bands for the SP and LP specimens can clearly be seen in the cross-sectional views. In the SP specimen, slip bands were also detected at more than 100 µm from the top surface, while no slip bands were found in the cross section of the bare specimen, and only a small amount of slip bands existed at minimal distance from the top surface of the LP specimen. These results indicate that the amplitude of plastic deformation in the SP specimen was greater than that in the LP specimen because of dislocation behavior. In addition, it was expected that the depth of deformation from the top surface of the SP specimen was deeper than that of the LP specimen.
Microstructural features. Fig. 4 presents the diffraction line profiles for the surfaces of the bare, SP, and LP specimens as typical examples of measured line profiles. These line profiles were normalized, and the background intensity was subtracted. The profiles for the bare specimen were split because of the Kα line doublet. For the SP sample, all of the peaks were broader than those of the bare specimen, and an anomalous peak at 1° on the 111 plane represented the 110 reflection of martensite. The line profiles of the LP specimen were also broader, similar to those of the SP specimen, but no peak for martensite was observed.
The microstructural characteristics, dislocation densities and crystallite sizes, of the samples were obtained via line profile analysis of the obtained profiles. Figs. 5 and 6 show the distributions of the dislocation densities and crystallite sizes in the depth direction for the three samples, respectively. The dislocation density and crystallite size for the surface of the bare specimen were 4 × 10 14 m −2 and 328 nm, respectively. Notably, the dislocation densities on the surfaces of the SP and LP specimens were greater, at 3 × 10 16 m −2 and 4 × 10 15 m −2 , respectively. The crystallite sizes were respectively refined to 13 nm and 38 nm because of SP and LP treatment. While the dislocation densities increased and the crystallite sizes were refined on both specimens, it is important to note that the dislocation density of the SP specimen was 7.5 times greater than that of the LP specimen, and the crystallite size Fig. 4 Line profiles on the original surfaces of each specimen [12] .
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Residual Stresses IX of the SP specimen was one third that of the LP specimen. In addition, the dislocation densities for both the LP and SP specimens decreased with depth from the surface and reached the same value as that for the bare specimen at approximately 200-300 µm. However, at all depths, the dislocation density of the SP specimen was greater than that of the LP specimen, as was observed for the surfaces of the samples. This result suggests that the processing amplitude of the SP treatment was greater than that of the LP treatment at all depths from the surface.
On the other hand, the crystallite sizes of the SP and LP specimens initially increased gradually with depth from the surface, but then steeply increased at approximately 100 µm. It is difficult to define crystallite sizes larger than hundreds of nanometers via line profile analysis; therefore, the crystallite size in the LP and SP specimens was estimated to be larger than hundreds of nanometers at depths below 200 µm, which is close to that of the bare specimen. Based on these results, it is clear that although the residual stress profiles were nearly the same for the SP and LP specimens as shown in Fig. 3 , the microstructural features of the two samples were different.
Conclusion
The microstructural features of shot and laser peened austenitic stainless steels were studied using line profile analysis with X-rays. Although both specimens had similar residual stress profiles toward the depth direction, the microstructural features were different not only on the original surfaces of the specimens but also to several micrometers in depth. The dislocation densities of the SP specimen were greater than that of the LP specimen. And the crystallite sizes of the SP specimen were smaller than that of the LP specimen. 
